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E-mail address: brunod@tecpar.br (B. DallagiovannTrypanosoma cruzi is the causative agent of Chagas disease, a neglected disorder that affects millions of
people in the Americas. T. cruzi relies mostly upon post-transcriptional regulation to control stage speciﬁc
gene expression. RNA binding proteins (RBPs) associate with functionally related mRNAs forming ribonu-
cleoprotein complexes that deﬁne post-transcriptional operons. The RNA Recognition Motif (RRM) is the
most common and ancient family of RBPs. This family of RBPs has been identiﬁed in trypanosomatid par-
asites and only a few of them have been functionally characterized. We describe here the functional char-
acterization of TcRBP40, a T. cruzi speciﬁc RBP, and its associated mRNAs. We used a modiﬁed version of
the recombinant RIP-Chip assay to identify the mRNAs with which it associates and in vivo TAP-tag assays
to conﬁrm these results. TcRBP40 binds to an AG-rich sequence in the 30UTR of the associated mRNAs,
which were found to encode mainly putative transmembrane proteins. TcRBP40 is differentially
expressed in metacyclogenesis. Surprisingly, in epimastigotes, it is dispersed in the cytoplasm but is con-
centrated in the reservosomes, a T. cruzi speciﬁc organelle, which suggests a putative new function for
this parasite organelle.
 2012 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
Chagas’ disease is a parasitic illness that compromises the qual-
ity of life of millions of people in the Americas. The causative agent
is Trypanosoma cruzi, a ﬂagellated protozoon from the kinetoplas-
tid order, which infects mammalian hosts through transmission
by a triatomine insect. Its life cycle has at least four well deﬁned
forms. [1]. In kinetoplastids there is no evidence of transcriptional
regulation of protein-coding genes. Transcription occurs on
polycistronic units guided by non-canonical RNA polymerase II
promoters [2]. These promoters show no speciﬁc regulation of
transcriptional initiation for the whole polycistron or for individual
genes. These ﬁndings strongly suggest that regulation of gene
expression occurs mainly at the post-transcriptional level [3].
RNA binding proteins (RBPs) associate with mRNA molecules
and other regulatory proteins, forming ribonucleoprotein (mRNP)
complexes, which are involved in several levels of RNA regulation
[4]. The RNA Recognition Motif (RRM) is the most common RNA
interacting domain found in proteins. It has 70–90 aminoacids
and two known motifs of 8 and 5 aminoacids, RNP-1 and RNP-2
respectively, which interact directly with the RNA molecule [5].lsevier OA license. 
a).In T. cruzi De Gaudenzi and cols. [6] identiﬁed 77 non-redundant
RRM proteins within the parasite genome. Genome-wide proﬁling
of the mRNA expression patterns in T. brucei suggests the existence
of multiple post-transcriptional operons in trypanosome parasites
[7].These operons contain transcripts with a variety of functions,
though mRNAs of known metabolic pathways were often co-regu-
lated, strongly suggesting the existence of RNA regulons [8–10].
The ribonomic approach has been used to identify the bound
mRNAs of different RBPs in several organisms [11]. In trypanoso-
matids, some RBPs have been characterized using this approach.
TcPUF6 and TbPUF9 mRNA targets were identiﬁed by afﬁnity puri-
ﬁcation of tagged proteins and microarray hybridization [12,13].
Alternatively, an immunoprecipitation method was used for puriﬁ-
cation of TcUBP1 and TcRBP3 targets, [14]. Altogether, these stud-
ies show that RBPs are responsible for the regulation of speciﬁc
sets of RNAs in the cell. Here we report the functional characteriza-
tion of TcRBP40, a T. cruzi speciﬁc RRM protein.2. Materials and methods
2.1. Parasites
The T. cruzi clone Dm28c [15] was used throughout this work.
Epimastigote forms were maintained at 28 C in liver infusion
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tal bovine serum (FBS). Metacyclic trypomastigotes and amastig-
otes were prepared as described [16].
2.2. Bioinformatic analysis
A consensus domain was created based on RRMs from other
eukaryotes. Proteins from the T. cruzi genome database (GeneDB)
containing RRMwere identiﬁed with HMMER2.0 [17,18]. Retrieved
matches were analyzed according to the e-value number of do-
main. Low-score sequences were manually analyzed. The TMHMM
program was used for predicting transmembrane motifs on default
parameters.
2.3. Cloning and expression of the TcRBP40 recombinant protein
The coding region of TcRBP40 from T. cruzi Dm 28c genomic
DNA was PCR-ampliﬁed and cloned into the pDEST17 vector (Gate-
way, Invitrogen), for the production of an N-terminal His-tagged
recombinant protein. Cell culture was stress-induced with 3% eth-
anol for 1 h prior to IPTG induction (0.1 mM). The recombinant
protein was puriﬁed in native conditions, using Ni–NTA Agarose
(Qiagen) as recommended.
2.4. Production of polyclonal antiserum and Western blot analysis
A polyclonal antiserum was raised in Swiss mice as described
[18]. This study was carried out in strict accordance with the rec-
ommendations in the guide for animal use of the FIOCRUZ Com-
mittee on Animal Experimentation, protocol number P-0434/07.
Protein extracts from the different parasite forms were prepared
as described in [18].
2.5. RNA pull-down assay
For the recombinant protein pull-down assays, 50 lg of recom-
binant His-tag TcRBP40 protein were bound to 100 uL of Ni–NTA
resin (Qiagen) overnight at 4 C. 100 lg of total RNA from epim-
astigotes were incubated with the bound protein in 500 ll EMSA
buffer at 4 C for 2 h, in the presence of Heparine and Spermidine
as competitors. Bound and supernatant samples were separated.
The bound sample was washed with the same buffer three times,
for 10 min each. After washing, RNAs present in the bound and
supernatant fractions were puriﬁed.
2.6. RNA puriﬁcation and ampliﬁcation
RNA was extracted using the RNeasy mini kit (Qiagen). Linearly
ampliﬁed RNA (aRNA) was generated with the MessageAmp™II
aRNA Ampliﬁcation kit (Ambion), in accordance with the manufac-
turer’s instructions.
2.7. Microarray analysis
The microarray was constructed with 70-mer oligonucleotides.
All coding regions (CDS) identiﬁed in the genome (version 3) were
clustered by the BLASTClust program, using parameters of 40% cov-
erage and 75% identity. For probe design, the software ArrayOligoS-
elector (v. 3.8.1) was used, with a parameter of 50% G+C content.
This obtained 10,359 probes for the longest T. cruzi CDS of each
cluster, 393 probes corresponding to the genes of an external group
(Cryptosporidium hominis), and 64 spots containing only spotting
solution (SSC 3x), giving a total of 10,816 spots. These oligonucle-
otides were spotted from a 50 lM solution onto poly-L-lysine
coated slides and cross-linked with 600 mJ UV. Probes were iden-
tiﬁed according to the T. cruzi Genome Consortium annotation(http://www.genedb.org). We compared bound and unbound to
TcRBP40 protein mRNA, extracted from independent pull-down as-
says, in a dye-swap design. Images were analyzed by Spot soft-
ware. The Limma package [19] was used for background
correction by the normexp method, intra-slide normalization by
the printtiploess method and inter-slide normalization by the
quantile method. Microarray data have been deposited on ArrayEx-
press, with accession number E-MEXP-3057.
2.8. Tandem afﬁnity puriﬁcation assay
The coding sequence of the TcRBP40 gene was inserted into a
pTcTAPN vector. T. cruzi epimastigotes (5  107 cells) were trans-
fected with 30 lg of vector DNA as described [12]. We added
250 lg/ml geneticin 24 h and 500 lg/ml 72 h after electroporation,
for the selection of transfected parasites. TAP-tag assays of bound
proteins and RNAs were performed as previously described [12].
The tagged proteins were puriﬁed on IgG-Sepharose columns
(Amersham).
2.9. cDNA synthesis and PCR
cDNA was synthesized from 1 lg of total or afﬁnity-puriﬁed
RNAs, with an oligo-dT primer (USB Corporation) and reverse
transcriptase (ImProm-II™ Reverse Transcriptase, Promega), as
recommended. PCR conditions and primers are described in
Table S3. Bands were quantiﬁed by Scion Image 4.0.3.2 software
(http://www.scioncorp.com) and fold changes were calculated by
test/control ratio. Two-step real-time reverse transcription-PCR as-
says were performed using the ABI PRISM 7000 sequence detection
system (Applied Biosystems). For relative quantiﬁcation, the stan-
dard curve method was used, based on cycle threshold values.
Gene expression was normalized against the TcL9 control gene
[18].
2.10. Gel shift assays
Binding reactions and EMSA were performed as previously de-
scribed [20]. Probes were all end-labeled with T4 polynucleotide
kinase (Roche) and [c-32P]ATP (Amersham Biosciences), as recom-
mended, following probe puriﬁcation. Binding reactions were per-
formed by adding 1 lg of the recombinant TcRBP40 protein to the
reaction mixture. Oligoribonucleotides were obtained from Mid-
land Certiﬁed Reagent Co. and are shown in Table S3.
2.11. Immunoﬂuorescence assays
Immunoﬂuorescence assays were performed as described [18].
Serum dilutions were: mouse anti-TcRBP40 1:100 and rabbit anti-
cruzipain 1:200. AlexaFluor 488 conjugated anti mouse and Alexa-
Fluor 546 conjugated anti rabbit secondary antibodies (1:400)
(Molecular Probes, Invitrogen) were used. Sub-cellular localization
images were acquired using a Leica SP5 Laser Confocal Microscope
(Mannheim, Germany).
3. Results
3.1. The T. cruzi RRM protein family
With the aim to characterize RBP protein families in T. cruzi, we
performed an in silico search for RRM-containing proteins within
the parasite’s genome. First, we deﬁned a consensus RRM domain
based on RRM proteins which were deposited in the Pfam data-
bank. The HMMER algorithm scored for seventy-four conserved
aminoacid positions. The resulting matrix was used to search the
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matching the consensus domain sequence. Accounting for the re-
ported redundancy of the parasite genome, our search identiﬁed
80 proteins bearing the RRM motif (Table S1).
We identiﬁed six new proteins, named according to the pro-
posed nomenclature for the RBP family in trypanosomatids [6].
We manually searched for the presence of at least one of the con-
served RNP1 or RNP2 motifs in the RRM domain. We then per-
formed BLAST searches in GenBank and a new manual Pfam
analysis, conﬁrming them as RRM-containing proteins. We also
found two proteins (classiﬁed as RRM-like proteins) whose do-
mains resemble the conserved motif, but do not fulﬁll the previous
requirements. Unexpectedly, four proteins identiﬁed in the previ-
ous related study were not found in our study. One of them was
conﬁrmed as an RRM protein coding for a member of the U2AF pro-
tein complex. The other three proteins did not retrieve any RRM
match, and therefore were included in the table as not conﬁrmed.
Considering the data presented, we can conclude that T. cruzi has
81 RRM proteins.
We selected TcRBP40 for further characterization. TcRBP40 was
only identiﬁed in the T. cruzi genome, with no orthologues in other
sequenced trypanosome genomes. The protein has 127 aminoac-
ids, a predicted molecular weight of 14.3 kDa and a unique RRM
(Fig. S1A).
We expressed a 17 kDa recombinant protein that was recovered
as a soluble fusion polypeptide with an amino-terminal histidine
tag (Fig. S1B). The ability of the puriﬁed recombinant protein to
form complexes with the four synthetic homoribopolymer
probes under standard conditions was tested by EMSA (data not
shown).Fig. 1. Functional annotation of TcRBP40 putative targets. A) Gene entries were groupe
TcRBP40 associated mRNAs and total T. cruzi proteins classiﬁed according to the presence
tag vector, incubated with TcRBP40 antibody (lane 3), showing the 45 kDa tagged protein
tag. Control cells were transfected with vector alone, and incubated with anti-CBP (lane 1
a 2-fold enrichment were considered as positives. Genes named as in Table S2.3.2. TcRBP40 association with mRNAs
To identify the mRNAs that associate with TcRBP40, we used a
previously described in vitro approach, the recombinant RIP-Chip
[21]. The recombinant soluble protein was used to perform a
pull-down assay to purify RNAs speciﬁcally bound to the protein,
under EMSA competitive conditions. Mock assays using nikel-aga-
rose columns with no protein rendered undetectable amounts of
RNA. Ampliﬁed RNAs were labeled for microarray competitive
hybridization using the non-bound fraction as the reference popu-
lation. To select the putative associated transcripts we considered
only spots rendering signals with a fold-change at least four times
and a 1% FDR value as positive.
We retrieved 148 genes which associated with TcRBP40 (Table
S2). As a control, we compared our results with those obtained
with a similar assay using the RRM protein TcRBP19 [22] and we
found only 15 transcripts that were shared by both proteins. Ana-
lyzing the functions of the enriched transcripts of TcRBP40, 115 of
them are annotated as coding for hypothetical proteins. Among the
few annotated proteins we found some to be involved in nucleic
acid metabolism and protein folding processes (Fig. 1A). We also
searched for conserved domains that could indicate any putative
function. Almost half of these proteins contained putative trans-
membrane domains. We analyzed the complete proteomic reper-
toire of T. cruzi, excluding redundancy and large protein families,
and calculated the frequency of transmembrane motifs. The per-
centage of proteins bearing putative transmembrane domains
(25%, p < 106), compared with the percentage found in the
TcRBP40 (46%) shows the preferential association of TcRBP40 with
this type of proteins (Fig. 1A).d according to biological function (GO) in upper panel. Bellow, proteins coded by
of a putative transmembrane domain. B) Western blot of cells transfected with TAP-
and 15 kDa endogenous protein. Lane 2, the same extract incubated with anti-CBP
). C) Quantiﬁcation of RT-PCR of mRNAs puriﬁed in TAP-tag assays. mRNAs showing
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forms to perform puriﬁcation of in vivo formed complexes. We
used the episomal pTcTAPN vector to generate two independent
transfectant clones. These populations expressed a protein of about
45 kDa resulting from the fusion with the 30 kDa tag (Fig. 1B).
We performed in vivo puriﬁcation of the TcRBP40-RNA com-
plexes using afﬁnity chromatography on IgG-Sepharose columns.
As a control, the vector alone was transfected and RNA from cell
extracts was also puriﬁed. Precipitated RNAs were extracted and
analyzed by RT-PCR using primers for 10 randomly selected genes.
We obtained an enrichment of at least 2-fold for six of the genes
that were tested (Fig. 1B).
Overexpression of the tagged TcRBP40 protein resulted in no
evident morphological or structural changes of the cells. Moreover,
transfected epimastigotes showed no altered in vitro growth curves
and, when differentiated into metacyclic forms, no differences in
the rate of cell infection were observed (not shown). We investi-
gated whether TcRBP40 overexpression can cause changes in stea-
dy-state transcript levels of associated mRNAs. No signiﬁcant
changes in the abundance of TcRBP40 targets were observed (not
shown).3.3. TcRBP40 recognizes an AG-rich element in UTRs
To identify the RNA recognition element in the target tran-
scripts, we carried out EMSAs. We searched Genbank for ESTs that
could include the 30UTRs of the conﬁrmed transcripts. We found
sequences of up to 44 nucleotides into the putative 30 intergenic re-
gion of the RNA polymerase II subunit 9 mRNA. We considered
these 44 nt as the putative 30UTR and synthesized an RNA probe
for EMSA. The recombinant protein formed a stable complex with
the probe (Fig. 2B).
Three overlapping probes spanning the entire putative UTR
were synthesized and tested (Fig. 2A). The recombinant proteinFig. 2. Identiﬁcation of TcRBP40 binding element. (A) 30UTR sequence of RNA polymera
TcRBP40 protein complex formation with the entire 30UTR. Lanes 2 and 3 assays with incr
(C) and UTR3 (D) cold probes. Lanes 5 and 13 contains labeled probes with TcRBP40 recom
UTR2 cold probe (6–8) and UTR3 cold probe (9–11) competing with UTR1 labeled probe
labeled probe. 1, 4, and 12 are the respective free probes.formed complexes with all of the probes (not shown). Competition
assays using the UTR1 labeled probe and the others as cold com-
petitors showed that increasing concentrations of the other two
UTR fragments did not abolish the formation of TcRBP40 com-
plexes (Fig. 2C). When the UTR3 probe was tested, formed com-
plexes were displaced by the cold competitors (Fig. 2D). Similar
negative results were obtained with the UTR2 probe (not shown).
Analysis of this initial portion showed that it has an AG-rich motif.
AG-rich tracts were also present in the putative 30UTRs of the other
conﬁrmed targets. Furthermore, the MEME algorithm also identi-
ﬁed an AG-rich element in all positive sequences, while this motif
was not present in the false positive transcripts identiﬁed (Fig. S2).
The UTR1 labeled probe was competed with the probes bearing the
different homoriboplymers and also with both (AG)15 and (UG)15
cold probes. None of these probes were able to compete with the
UTR1 probe efﬁciently (Fig. S3).3.4. TcRBP40 is preferentially localized in reservosomes in
epimastigote forms
Antibodies against the recombinant protein were used in Wes-
tern blot analysis of total protein extracts from different parasite
forms. We detected a 14 kDa band, corresponding to the expected
molecular mass of TcRBP40, in epimastigote forms but not in the
infective metacyclic forms. A detailed analysis of the metacyclo-
genesis differentiation extracts showed that the protein is present
in stressed and differentiating parasites and is not detected in fully
differentiated metacyclic forms (Fig. 3).
In cell-derived amastigotes and cellular trypomastigotes
TcRBP40 was localized in the cytoplasm in a granular distribution
(Fig. 4C). As expected, no signal was observed in the metacyclic
trypomastigote forms (Fig. 4B). When epimastigote forms were
analyzed, TcRBP40 showed a diffuse pattern of expression through-
out the cytoplasm with a strong signal localized in discrete foci inse II subunit 9 mRNA. Overlapping lines indicate the 3 probes, named UTR1–3. B)
easing protein concentrations. (C and D) Competitive binding of TcRBP40 with UTR1
binant protein. Competition assays with increasing concentrations (2, 5 and 10) of
, and UTR1 cold probe (14–16) and UTR2 cold probe (17–19) competing with UTR3
Fig. 3. Expression of TcRBP40 protein on T. cruzi metacyclogenesis. Western blot of
protein extracts from various stages of the parasite’s life cycle: (1) epimastigotes;
(2) stressed epimastigotes; (3) adhered stressed epimastigotes for 24 h; (4)
metacyclic trypomastigotes. Lower pannel shows loading control using anti-GAPDH
serum.
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localization of reservosomes, a T. cruzi speciﬁc specialized orga-
nelle [23]. The posterior localization of TcRBP40 is even more evi-
dent in nutritionally-stressed epimastigotes (Fig. 4B), and is also
observed in differentiating epimastigotes albeit slightly reduced
as also occurs with reservosomes. We performed co-localizationFig. 4. Cellular localization of TcRBP40 at different life-stages. (A) Epimastigote (B) Me
(arrowheads) and cellular trypomastigote forms (arrow); (D) Co-localization of TcRBP40
interference contrast; DAPI: nucleus and kinetoplast staining. Bars = 5 lm.studies with cruzipain, a speciﬁc reservosome marker [24]. Confo-
cal microscopy assays showed that both proteins co-localize in the
interior of reservosomes (Fig. 4D).
4. Discussion
De Gaudenzi and cols. [6] described and annotated the RRM
containing protein family in Tritryps. In the present study, we per-
formed a new search for RRM containing RBPs using a slightly dif-
ferent approach. As expected, most of the previously characterized
proteins were identiﬁed, even though we found some new putative
members of this family. These differences are probably due to the
different approaches used in both searches, as most of the new
putative RRM proteins identiﬁed showed low identity scores. How-
ever, functional analyses are necessary to deﬁne these proteins as
real RBPs.
We selected the TcRBP40 protein because it is a T. cruzi speciﬁc
RBP. RBPs are usually regulators of gene expression, and species-
speciﬁc RBPs could establish and regulate new or different gene
regulatory networks [26]. The identiﬁcation and characterization
of these regulatory networks could help in the understanding of
the processes that deﬁne and control the particular features of each
parasite [25].tacyclic trypomastigote (arrowheads) and stressed forms (arrow); (C) Amastigote
and cruzipain in epimastigotes. Arrowhead shows reservosomes. DIC: differential
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combinant proteins raise concerns about the speciﬁcity of this kind
of approach. However, stringent conditions competed for binding
site and made it possible to select putative targets in the pull-
down and microarray assays. A comparison of our results with
other studies that used similar assays with different T. cruzi RBPs
showed that, in our experimental conditions, we were able to
select candidate transcripts for the protein and conﬁrmed more
than half of the tested transcripts. Speciﬁcally bound transcripts
were identiﬁed, showing that the in vitro approach can be
considered as an alternative strategy due to its simplicity and
straightforwardness.
Binding assays suggest that TcRBP40 recognizes an AG-rich ele-
ment present in the 30UTR of the transcripts. EMSA results show
that it binds to this element with low speciﬁcity, as TcRBP40 can
bind different sequences in this assay. The low speciﬁcity could
also explain the percentage of false positives observed in the
pull-down assays.
It has been suggested that RBPs may bind and regulate func-
tionally related mRNAs. In trypanosomes this kind of analysis is
hampered by the high percentage of hypothetical proteins in the
genomes. Even though, bioinformatic analysis of the hypothetical
protein coding genes showed the preferential association of
TcRBP40 with mRNAs coding for proteins with predicted trans-
membrane localization domains.
Surprisingly, when the cellular localization of TcRBP40 was ana-
lyzed in epimastigote forms, TcRBP40 appeared throughout the
cytoplasm but concentrated particularly in reservosomes. The pro-
tein localization changes along the parasite life cycle to a cytoplas-
mic distribution in amastigotes and cellular trypomastigotes. These
changes in the cellular localization of TcRBP40 could be related to
its regulatory function. It has been observed that other RBPs change
its distribution in response to biological stimuli [12,27]. Reservo-
somes are T. cruzi speciﬁc organelles present in the insect epimas-
tigote forms and are related to the accumulation and storage of
nutrients. Reservosomes are exhausted during metaciclogenesis
as a response to the nutritional stress that triggers the differentia-
tion process [23]. The presence of TcRBP40 in this organelle could
suggest a new role of reservosomes in the biology of the parasite.
Recently, the proteome of reservosomes was described showing
the presence of a signiﬁcant percentage of proteins involved in nu-
cleic acid metabolism [28]. Further work is needed to assess
whether reservosomes are involved in RNAmetabolism.We cannot
discard the possibility of a different function of TcRBP40 in this
organelle as moonlighting proteins have been described in trypan-
osomes [29]. Characterizing regulatory proteins that are speciﬁc to
a certain species could be essential to understand differences in the
biology of related parasitic protozoa.
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